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Subjects' eye movements were measured whilst they read and performed lines of music consisting of 
rhythmic information only, in conventional musical notation. The relationship between the spatial 
pattern of the notes displayed and of the fixations made in reading them is stochastic, and similar to 
that in ordinary reading, but with a tendency to fixate salient details of the notation such as notes 
and barfines rather than the spaces in between. Shorter notes are less likely to be fixated than longer 
ones, and this is determined by their performance length rather than their visual appearance. Despite 
the timing constraints imposed by the music, the time of execution of individual saccades appears to 
be entirely unrelated to the time of the execution of elements of the performance itself. However, as 
the tempo of performance of a given piece of music is increased, the average time between saecades 
decreases but their mean amplitude increases. These observations suggest a new model of the 
oculomotor and perceptual processes involved, in which an central, iconic representation of the fixated 
image is internally scanned and interpreted to a given criterion of accuracy, the scan ending when this 
criterion cannot be reached, and this end-point determining the position of the next fixation. It is 
proposed that the fullness of the buffer between the perceptual and motor processes determines the 
strictness of the criterion which is adopted, and hence the amplitude and timing of the eye movements. 
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INTRODUCTION 
Since the first measurements by Erdmann and Dodge 
(1898), the saccadic eye movements that are made in 
reading ordinary text have formed the subject of innu- 
merable investigations, and are on the whole quite well 
understood (for a review, see Rayner & Pollatsek, 1989). 
Yet a thorough search of the literature has failed to find 
any account whatsoever of the eye movements used to 
read music. This seems particularly strange, in that there 
are certain aspects of reading music which pose unique 
and interesting problems for the oculomotor system. 
When reading ordinary printed text, the eyes execute 
a series of saccades along the line, with inter-saccadic 
pauses of some 200-400 msec in length. Since the visual 
performance of the eye is poor during saccades, effective 
visual input can only occur during these fixational 
pauses. While one might perhaps expect each fixation to 
correspond with each word, this is not in general the 
case: the saccades are normally larger than the word 
spacing, to an extent that depends on the general 
difficulty of the text relative to the subject's reading 
ability. There is also a more immediate and specific effect 
of meaning on saccade size, in that the amplitude or 
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direction of a saccade can often be influenced by the 
local meaning of words in the text, fixation being for 
instance longer for more unfamiliar words (Kliegl, Olson 
& Davidson, 1983). In addition, it is influenced by the 
immediate (low-level) nature of the visual stimulus (Vitu, 
1991). Finally, the timing of saccades in reading is 
largely stochastic, and as for other kinds of saccades, 
different on different occasions even when the stimulus 
is identical. 
It seemed worth investigating whether the peculiar 
requirements of reading music might not lead to rather 
different behaviour. Unlike speech, the executive move- 
ments in playing most instruments occur at sharply- 
defined moments, whose timing must be carefully 
controlled. One might therefore xpect that the rather 
free-and-easy way in which the eyes read text would no 
longer be appropriate: or at the least, that interactions 
would occur between the executive and saccadic move- 
ments, and evidence of temporal constraint. The mean- 
ing of printed music is conveyed in a very much more 
concentrated form than is the case in reading text, by the 
position and form of individually-placed notes, rather 
than by a set of symbols forming a word or group of 
words, and is more closely linked to the movements it 
codes for than text is to speech. Thus one might expect 
to find a rather more precise control of gaze while 
reading music as compared with the typically imprecisely 
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FIGURE 1. A typical record of a subject (RHSC) reading a line of notes while tapping the rhythm. The upper trace shows 
eye position, the middle trace shows the taps as recorded by the microphone, and the bottom trace is of metronome beats 
with 200 msec timing marks below it. The duration of the whole record is 4.6 sec; on the left the notes in the sequence (16.4 deg 
long) are shown with the size and spacing actually seen by the subject, aligned and scaled to correspond with the eye-movement 
trace. Note that--unlike in subsequent figures--the width of the eye movement trace in this raw "screen-shot" is constrained 
by the screen pixel size and does not therefore represent the real noise level. 
targeted saccades that are found in ordinary reading, 
and evidence for a closer link between the immediate 
stimulus and the associated eye movement. On the other 
hand, musicians are explicitly trained to read well ahead 
of the point in the music corresponding to the notes 
being executed at any one moment, so that--at least for 
skilled musicians--one would expect o find evidence for 
a substantial degree of buffering of the incoming infor- 
mation, and perhaps of control of eye movements by the 
buffer rather than by either the immediate meaning of 
the notes, or of the resultant executive movements. The 
same pattern of symbols on the page can, after all, 
generate various rates of musical output, depending on 
the prevailing tempo. One might hope therefore to be 
able to dissociate the contributions of factors associated 
with the input (the printed music) and with the output 
(the rate of execution). 
In these experiments we looked at a considerably 
simplified example of music reading and execution, 
namely the tapping of a short rhythmic phrase presented 
as a single line of notes and barlines, using conventional 
notation. This avoided the complexities introduced by 
vertical elements such as chords, and the possible prob- 
lems introduced by using different muscles for executing 
different notes; but it implies that an extra degree of 
caution is necessary in trying to apply the findings to the 
more complex tasks actually faced by musicians. We are 
conscious that this paper represents only a preliminary 
survey of what promises to be an enlightening way of 
investigating the control of saccades in general, as well 
as simply in response to music or indeed other kinds of 
reading, since music provides the means for a relatively 
*Note on musical nomenclature. This paper uses the British nomencla- 
ture, which is concise but arbitrary. The equivalents in the more 
rational European/American system are: quaver ( ; ) ,  eighth-note; 
crotchet ( J ) ,  quarter-note; minim ( J ) ,  half-note. 
strict control both of the visual input and of the motor 
output. We have tried to address the more obvious 
points that came to our attention, but it will be apparent 
that there are many aspects which demand more detailed 
and quantitative analysis. Unfortunately, to derive sig- 
nificant results from such intrinsically variable data 
demands long experiments hat are rather taxing to the 
subject, followed by even longer periods of analysis of 
the records, of a kind that does not lend itself easily to 
automation. 
METHODS 
In a single trial, the subject was suddenly presented 
with a line of notes on a computer screen, and had to tap 
the corresponding rhythm on a microphone. A second 
computer recorded the output of the microphone and 
the eye movements made in viewing the display, and 
controlled the timing of the presentation of stimuli by 
the first computer. 
The stimulus display was green, with a luminance of 
30cd/m 2, viewed at a distance of 570mm. Typical 
sequences of notes are shown in several of the figures 
that follow: the body of each note subtended 0.25 deg, 
and they were spaced according to musical convention 
(i.e. with a proportionately larger gap after notes of 
longer duration: for a quaver, 0.53 deg; for a crotchet 
0.8 deg; for minims and dotted crotchets, 1.06 deg.* The 
arrangement and grouping of the notes followed normal 
musical conventions, with barlines and beams for mul- 
tiple quavers, except where indicated. The stimulus 
computer was programmed with a repertoire of many 
such sequences, and selected one of them at random on 
each trial. Between trials, a spot was displayed at a fixed 
position, 4deg to the left of the first note of the sequence 
about to appear, the subject being instructed to fixate 
this spot while waiting for the appearance of the music. 
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To record the eye movements, a scleral infra-red eye 
movement transducer (Carpenter, 1988) was used, with 
the subject's head immobilized on a bite-bar. Eye pos- 
ition could be reliably identified to within some 0.25 deg 
(the size of the notes) without difficulty, in the absence 
of voluntary head-movement, and with frequent recali- 
brations. Since each trial started with the subject fixating 
a known point on the screen, simple drifts of position 
were not a problem. Some subjects howed slow changes 
in gain in addition to positional drift, and this was 
overcome by interspersing calibration trials at random 
amongst he others (in the ratio of around 1 : 2), consist- 
ing simply of an equally-spaced line of dots to be fixated 
in turn. 
The overall control of the experiment, including the 
triggering of the stimuli and the recording of signals 
from the eye-movement transducer and the microphone, 
was performed by an Epic physiological recording sys- 
tem (Cambridge Research Systems Lid) running on the 
second computer. A typical run would consist of 32 
trials, each lasting some 10 sec, with an inter-trial gap of 
some 5 sec. A metronome was used to signal the tempo 
to the subject, and this too was recorded on Epic. 
Four subjects were used, with informed consent, all of 
whom were competent musicians; two were well-in- 
formed as to the purposes of the experiment, he others 
not. 
RESULTS 
Figure 1 shows a typical record from a single trial. 
From the bottom, the traces are: 200 msec time marker; 
metronome; taps, as recorded by the microphone; eye 
position. On the left the actual sequence of notes used 
in the trial has been superimposed to clarify the spatial 
and temporal relations of the responses to the stimulus. 
The forms and positions of the notes displayed on the 
left are exactly as seen by the subject on the screen, 
aligned and scaled to the horizontal eye-movement 
record. Head movements, which the bite-bar could not 
entirely eliminate, caused the slight deviations of the 
trace from the horizontal during fixation. 
Where do the eyes fixate? 
It is immediately obvious from records such as Fig. 1 
that the eyes do not simply fixate once on every note, nor 
in a simple relation to the beat. At slow speeds with 
complex sequences there may be considerably more 
saccades than notes; with a fast speed and simple 
pattern---as here more notes than eye movements. 
Saccades are not always directed exactly at individual 
notes, and frequently fall somewhere between them. 
Comparisons with the same subject and the same music 
on different rials show that while there can be consider- 
able consistency from trial to trial, particularly when 
close to one another in time (Fig. 2), over longer periods 
there is rather little, For example, sometimes a subject 
may fixate each of a pair of quavers individually, 
sometimes only one of them, or neither. Figure 3 shows, 
for three subjects, an example of the analysis of the 
statistical distribution of the positions of fixations rela- 
tive to the notes actually viewed, for a note-sequence of
moderate complexity; its general features are typical of 
the behaviour in response to other sequences. It is 
evident that in repeated trials by one subject with the 
same sequence, interspersed with different sequences, 
certain features may persist from one trial to the next, 
but not on a longer time-scale; there is a tendency for 
fixations to be directed towards visible features uch as 
notes and barlines, with idiosyncratic differences in this 
respect between subjects. In other words, saccades are 
influenced by material yet to come, to the right of the 
fixation spot, but not absolutely determined by it; in this 
respect hey are similar to what is found with the reading 
of ordinary text, as first described by Buswell (1920, 
1922). Another feature apparent when examining sets of 
data such as Fig. 3 is that shorter notes received fewer 
fixations on average than longer. This may be seen most 
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FIGURE 2. Eye movements made by one subject (VK) while tapping the same sequence ofnotes on two different occasions, 
showing unusually large consistency between fixations. As in Fig. 1, the upper pair of traces hows eye position, and the 
correctly scaled and aligned notes are shown vertically on the left; the taps made on the two trials are shown at the bottom. 
The horizontal line indicates 1sec. 
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FIGURE 3. Variation of the spatial pattern of saccades made in response to a particular sequence, between subjects and 
between trials. Above, each line of marks shows the successive fixation points in one trial, correctly scaled and aligned with 
respect to the notes hown at the top. The three groups of lines are for the three subjects named. Below, the previous information 
is summarized for each subject separately by constructing a cumulative count of the fixations as a function of distance, 
normalized by number of trials to give a scale of average fixations per trial. The dashed lines show the time-course expected 
if the spatial density of fixations were uniform. 
easily in the bottom half of  the figure, where cumulative 
plots of  the average number of  fixations per trial as a 
function of  distance along the display is plotted for each 
of  the three subjects, the dashed lines showing the 
expected behaviour if fixations were distributed uni- 
formly in space. It can be seen that in bar 2, although 
the number of  notes is double that for bar 3, the spatial 
density of  fixations is if anything lower rather than 
higher. However, "shorter" here requires some elucida- 
tion. The length of  a note in this situation can carry one 
of three, inter-related, meanings: absolute notational 
length (crotchet, quaver etc.); relative notational ength 
(relative to the notated beat, a crotchet in 4/4 thus being 
twice as long as a crotchet in 2/2 for the same beat); and 
performance length (the product of  relative notational 
length and beat duration). 
Of  these, it is performance l ngth that most obviously 
influences saccadic amplitude, as can easily be demon- 
strated by having a subject perform the same sequence 
at different beat rates (Fig. 4): in general, a slower beat 
results in more frequent and smaller saccades. Figure 5 
shows mean saccade size (sm for a two subjects reading 
the same sets of  note sequences at different beat intervals 
(fl), each sequence having a a range of  note-values: Sm 
decreases with increasing 8- Since the actual stimuli 
presented were the same for each value of  r,  this 
relationship cannot be the result of  notational factors, 
and must be due to the rate of  performance. 
Ideally, one would like to try to separate the effects of  
notation and beat-speed by using "pure" stimuli consist- 
ing of  notes of  only one kind. Unfortunately, degenerate, 
"unmusical",  sequences of  this kind induce abnormal 
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F IGURE 4. The effect of metronome beat duration on the pattern of eye movements made in response to a particular sequence: 
(a) with a beat duration of 280 msec; (b) 700 msec. As in previous figures, the correctly aligned and scaled note-sequence is 
shown vertically on the left (subject VK; error bars show 1 SE; note the compressed time-scale on the right-hand record). 
behaviour. Subjects soon learn to recognize such se- 
quences and make abnormal and self-conscious patterns 
of eye movement in response to them, often racing to the 
end of the line, or perhaps no further than the middle, 
then looking back and forth in a leisurely way while the 
tapping continues correctly; and skilled musicians may 
do this even with irregular patterns, once they become 
familiar (Fig. 6). However, the use of mixed stimuli 
makes it difficult to isolate the effects of purely nota- 
tional factors on performance, since statistical measures 
of fixation behaviour such as mean fixation duration or 
saccadic amplitude are then bound to be underestimated. 
One can still attempt o investigate notational effects by 
using sequences which are reasonably natural and unpre- 
dictable, but contain a heavy preponderance of one or 
other type of note whilst keeping the number of notes 
per sequence constant. While this can only produce 
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F IGURE 5. Mean saccade amplitude (sin) as a function of beat interval 
(,8) in two subjects viewing the same sets of note-sequences in each 
case. Each point is the mean calculated from 32 trials, containing some 
200 saccades in all. 
diluted and qualitative results, a consistent pattern does 
nevertheless emerge. For all beat intervals tested, larger 
saccades are made on average in sequences in which 
quavers predominate han in the case of minims (Fig. 7). 
Since the number of notes per sequence and the beat 
interval were the same for each comparison, the impli- 
cation is that fewer saccades are made per note when 
reading notationally shorter notes than longer ones, and 
that this is not simply because in conventional music 
printing, faster notes are closer-spaced than slower (so 
that a constant average scan rate along the line would in 
itself produce more saccades for longer notes). This 
relationship may possibly be reflected in the difference 
between bars 2 and 3 of Fig. 3, most obviously in subject 
JFHC; but too much emphasis hould not be placed on 
individual cases and sequences, when other factors may 
be interfering. In particular, there is a general tendency 
for the scan-rate to be higher at the start of a sequence 
than later on, for reasons that will be discussed. 
As explained earlier, "notationally shorter" can refer 
to the absolute notation length or the relative notational 
length. The contribution of absolute length to saccade 
size can be investigated most directly by presenting pairs 
of musically identical sequences, one having every note 
notated with twice the duration as in the other. If the 
beat interval is correspondingly halved, the notational 
meaning, and the performance speed, are both un- 
changed: all that has been altered is the appearance of 
the notes on the display. Analysis of eye movements in
two subjects to pairs of such sequences howed no 
significant difference in mean saccade size in two subjects 
over a range of beat intervals from 330 to 640 msec, 
implying that the effect of note-duration shown in Fig. 7 
must be due to relative rather than absolute notational 
length; in other words, that in general it is the meaning 
and not the appearance of the note that affects the eye 
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FIGURE 6. Fixations by a musically skilled subject (JFHC) in response to the same note sequence (shown at left and below) 
presented for the 1st time; for the 6th time; and for the 1 lth time, showing that with increasing familiarity the eye movements 
are progressively curtailed n relation to the sequence of taps (shown below), and in this case hardly extend spatially beyond 
the first bar. 
movements. There is, however, one clear exception to 
this rule. Quavers may be printed in one of two forms: 
either as isolated notes each with its own tail, or with the 
tails joined together to form "beams" that group the 
quavers into twos, threes or more. Comparison of the 
number of saccades made when performing musically 
identical bars with quavers notated with the quavers 
either isolated or beamed showed for two subjects a 
significant (P = 0.05) decrease with beaming but for the 
other subject (RHSC) an equally significant increase, 
demonstrating again the idiosyncratic nature of the 
responses. 
In summary, it appears that though the locations of 
individual fixations in reading music are at least partly 
related to visible features on the page, the average 
amplitude of saccades is determined more by their 
meaning in terms of performance than by their visual 
appearance. 
When, and for how long, do the eyes fixate? 
As with saccadic size, there is no single or simple 
immediate determinant of the timing of the saccades 
made in reading music. The duration of fixation is not 
directly determined by either the appearance of a note or 
the beat interval, and has no simple relationship to the 
subject's tapping: consequently one must again rely on 
statistical analysis. 
Figure 8 shows results analogous to those shown in 
Fig. 5, in which a fixed set of sequences was executed at 
different beat intervals, but with an analysis of the 
temporal rather than spatial behaviour. It can be seen 
that mean fixation duration Fm increases as ~ increases 
from around 400 to around 700 msec, but not as steeply 
as saccadic amplitude sin. There is of course a necessary 
relationship between how Sm and Fm vary as a function 
of ~; since the total number of beats in the set of all 
sequences i fixed, and the total excursion of the eyes in 
reading all of them is essentially independent of fl, then 
the average number of fixations per sequence is pro- 
portional both to (1/Sm) and to fl/Fm: consequently the 
ratio (Fm/sm'fl) must be constant. 
In the same way, the differences in Sm between se- 
quences consisting predominantly of notes of different 
value are reflected in mean fixation durations for the 
o i  'a> ...... 
~ ~ 1.o 
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FIGURE 7. Mean saccadic amplitude (a) and mean fixation duration (b) as a function of beat interval for matched sequences 
in which either quavers, crotchets or minims predominate (subject VK; for clarity, error bars are omitted: SEs were typically 
around 0.1 deg in amplitude, or 30 msec in duration; approx. 200 measurements per point). 
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FIGURE 8. Mean fixation duration (F~) as a function of beat interval 
(fl) in two subjects viewing the same sets of note-sequences in each 
case. Each point is the mean calculated from 32 trials, containing some 
200 saccades in all. 
same sequences [Fig. 7 (b)], and the lack of a significant 
difference in mean amplitude when only the appearance 
of the notes is changed is reflected in a corresponding 
lack of effect on Fro. 
Relation between eye movement and tapping 
There is no simple relationship between the moment 
at which a tap is made and the timing of the saccades. 
If individual records are aligned horizontally to bring the 
pattern of tapping into coincidence, one can then obtain 
information about the distribution of saccades in time 
rather than in space (Fig. 9). Inspection of raw data of 
the kind shown in the top half of the figure shows no 
obvious relationship between the hand and eye move- 
ments, as may be confirmed by computing averaged 
cumulative counts of saccades aligned to comparable 
taps [Fig. 9(b)]. This lack of correlation between the time 
I 
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J 
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J J J 
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J 
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FIGURE 9. Timing of saccades in relation to tapping. Above, the lines of marks indicate the time of initiation of saccades 
in different rials by the three subjects indicated, in response to the sequence shown in (a), the records being shifted as necessary 
to align the instants of tapping in each case (shown by the vertical ines and by the position of the notes). (b), Cumulative 
counts of saccades for each subject for each of the comparable intervals centred on a crotchet [arrowed in (a)], normalized 
to 100% over the interval. It is evident hat the temporal distribution of saccades is essentially uniform and unaffected by 
the taps. 
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FIGURE I0. Record of eye movements bysubject VK in response tothe sequence shown vertically at the left. The crosses 
mark the intersections of vertical lines through the taps (lower trace) and horizontal lines through the corresponding otes, 
and thus indicate the spatio-temporal progression f the performance itself. It can be seen that at the moment of tapping, the 
eye is generally to the right of the corresponding ote. (The horizontal line represents I ec.) 
of saccades and that of the tap itself appears to be 
generally true across all subjects and note sequences: 
thus eye and hand movements do not seem to share the 
common central timing mechanism that has been 
demonstrated in the case of bimanual tapping (discussed 
in Lang, Obrig, Lindiger, Cheyne & Deecke, 1990). 
The general relationship between eye position and 
tapping may be discerned by comparing the spatio- 
temporal ocus of the music performance (i.e. the se- 
quence intersections of the moment of tapping with the 
corresponding spatial location of the note) with the 
eye-movement trace itself (Fig. 10). For sequences that 
are not so simple or so well-learnt that they induce 
abnormal behaviour of the kind previously described, 
the general finding is that the eyes are a little ahead of 
the tapping, so that at the moment of a tap the corre- 
sponding note is to the left of (or sometimes at) the 
fixation point. Conversely, any particular note has virtu- 
ally always been fixated (or has had the point of fixation 
pass over it) before it is performed. This relationship 
breaks down, however, at the end of a sequence, particu- 
larly for more practised musicians. Even with unfamiliar 
sequences, our most musically accomplished subject 
(JFHC) would often make his last fixation some half- 
way through the last bar. Thus it is clear that it is 
perfectly possible to correctly perform notes that have 
only been seen in parafoveal vision, in this case with an 
eccentricity of some 1.6 deg. This is of some theoretical 
interest, as it demonstrates that -as  in reading text 
(McConkie & Rayner, 1975; L6vy-Schoen, O'Regan, 
Jacobs & Co6ff6, 1984; Jennings & Underwood, 1984)-- 
extrafoveal information from parts of the stimulus yet to 
be fixated can be processed and used by the higher visual 
system. It also implies the rule previously described is 
not the result of an absolute necessity to have fixated a 
note before performing it, but rather the result of some 
kind of temporal buffering between visual input and 
performance, to be discussed below. As noted pre- 
viously, however, with skilled subjects and note se- 
quences that had been practised many times, the 
relationship would often break down completely, move- 
ments being made far in advance of the early responses, 
but far behind the later ones. 
Although we were not primarily concerned with the 
analysis of the timing of the taps themselves, one thing 
that was obvious from the raw records was the tendency 
to systematic alteration of rhythmic intervals within a 
bar when tapping rhythmic sequences without a 
metronome, a phenomenon reported by Franek, Radil 
and Indra (1989) and of course well-known to musicians 
(the shortening of the first beat of the Viennese waltz is 
an example). 
DISCUSSION 
What emerges most clearly from the results presented 
here is that the timing and size of saccades whilst reading 
music are influenced by the performance that the notes 
encode, but that this influence is essentially statistical 
and global rather than local. Individual saccades are not 
initiated at times that are particularly significant from 
the point of view of the music and its performance, nor 
are they directed consistently in relation to visual el- 
ements on the page, though they may be influenced by 
it. Notes which are relatively shorter than the prevailing 
note duration tend to be grouped together for the 
purposes of fixation, as do simple rather than complex 
sequences of notes. These relationships appear to be 
driven by the meaning of the notes, in terms of their 
durations, rather than on their printed appearance, and 
tempo changes cause systematic hanges in both the 
timing and amplitude of saccades. 
All of this suggests a model of the system controlling 
the saccades under these conditions in which the saccadic 
commands are made not in relation to specific aspects of 
either the immediate visual stimulus, or of the final 
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manual response, but as part of a mechanism for 
regulating the flow of information into and through the 
system that converts retinal images of musical notation 
into performance. In this respect, at least, the situation 
is similar to that of reading ordinary text, and it is 
appropriate to consider whether types of model devel- 
oped for this better-studied case might not be appropri- 
ate here as well. 
A stochastic model of music reading 
The models of reading which have been proposed fall 
into three main categories. Top-down models (Goodman, 
1970; Smith, 1971) postulate the control of eye move- 
ments by the highest levels of the processing system, that 
construct textual meaning, eye movements consequently 
being dependent only very indirectly on visual details of 
the text. Bottom-up models (Gough, 1972; Mackworth, 
1972; LaBerge & Samuels, 1974) imply, on the contrary, 
that visual information from the text is processed in a 
series of stages, with minimal influence from higher 
processing centres, contextual information or long-term 
memory programs. Interactive models (Rumelhart, 1977; 
Just & Carpenter, 1980; McClelland, 1986; Rayner & 
Pollatsek, 1989) essentially combine aspects of both the 
previous points of view. Since the eye movements made 
when reading music show clear evidence of being con- 
trolled in part by visual detail but also by more global 
factors related to the meaning of the symbols, an 
interactive class of model seems intrinsically more prob- 
able, and in fact forms the basis of what is about to be 
presented (Fig. 11). It is important o stress that this is 
a model that addresses only the patterns of saccadic eye 
movements we have observed when reading very simple 
sequences of notes. It does not attempt o explain the 
detailed higher order processes of comprehension and 
execution of a piece of music. Nor does it address the 
complex patterns of eye movements involved in reading 
chords of notes, or more than one line of music at a time. 
The starting point in our model is the fixation of the 
eye on some point in the music, and the consequent 
encoding and transmission of the foveal and parafoveal 
retinal image, comprising an individual note or small 
group of notes. By "encoding" we mean the preliminary 
transformation of the patterns into neural activity by 
those retinal and central mechanisms (called "Encoder" 
in the model) that are not specifically concerned with the 
interpretation of musical symbols, in contrast to the 
subsequent stage of processing ("Processor"), that evi- 
dently is. The final stage ("Executive") of control of 
execution, transforming information about pitch and 
duration into appropriate patterns of commands to the 
executant muscles, is evidently a distinct and separable 
process; music can be read and memorized without 
execution, just as execution does not depend on the 
presence of visible notes. The specifically musical pro- 
cessing of the visual information carried out by the 
processor and executive clearly relies on the long-term 
storage of information about musical notation. The 
processor is likely to take a different length of time for 
different notes depending on their relative complexity, an 
entity which is difficult to define and will vary from 
person to person and from note to note for a particular 
person (see later). The time taken by the executive, on 
the other hand, will obviously depend on the rate of 
motor events required by the musical commands to- 
gether with the tempo. It is thus quite easy, experimen- 
tally, to manipulate the demand on one or other of these 
components by altering the nature of the music to be 
performed, and it is the need for the system to cope with 
such situations that gives rise to two further com- 
ponents: an adjustable criterion of accuracy and a serial 
buffer. 
A peculiarity of music is that the output of the whole 
system must be generated at a specified rate. With 
difficult, unfamiliar music being performed at a fast 
tempo, this may mean that there is insufficient time for 
the processor to identify notes correctly, and a certain 
degree of inaccuracy is traded-off or speed. This feature 
is incorporated in the model by proposing that the 
processor works by performing an internal scan of the 
encoded image, the scan progressing to the next item as 
soon as a criterion level of certainty of recognition has 
been reached. The scan ends when there is insufficient 
visual information to perform recognition, a saccade 
then being initiated to fixate the point that has been 
reached. [A similar hypothesis in the case of ordinary 
reading was first advanced by McConkie (1979).] Under 
stress, this criterion level is lowered, speeding up process- 
ing at the expense of accuracy: a secondary consequence 
is that the scan can proceed further than when a more 
rigorous criterion is required, so that average saccade 
size increases. The internal scan is envisaged as extending 
well into parafoveal vision, so that information far 
ahead of the current fixation can be decoded if it is 
sufficiently visible or predictable, or if the urgency is 
high. Such a system is strictly deterministic rather than 
stochastic, so that if the processing during the scan were 
dependent only on the visual stimulus and nothing else, 
then the pattern of eye movements for a given musical 
sequence would always be identical. But since the pro- 
cessor will certainly be learning as it goes along, the time 
of processing being a function of the predictability of 
what is being processed, one would expect he pattern of 
fixations for a given musical sequence to change gradu- 
ally as it is repeated; any noise in the visual image will 
add a further random element. This is indeed broadly 
what is found: while closely-spaced trials can show 
considerable similarity (Fig. 2), over a complete run it is 
clear that there are progressive changes in the positions 
of fixations (Fig. 3), that no doubt reflect the processor 
learning to do its job better. With over-exposure to a 
particular sequence (Fig. 6) its scan effectively extends 
far from the fovea. 
In the long run, it must be true that mean processing 
rate increases to match mean performance rate, and the 
subsequent inaccuracy of reading is an obvious feature 
of performance under such conditions. But over shorter 
periods, difficult passages interspersed with easier ones 
can be accommodated bymeans of a buffer, that resolves 
the conflict between the tightly regulated rate of output 
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FIGURE 11. A model of the control of saccades while reading music. The saccadic controller determines the amplitude and 
timing of saccades, which move the gaze frame along the music being read. At any moment, the retinal image is encoded to 
a neural iconic image, which is scanned internally by a processor which also triggers the saccadic ontroller when there is no 
more material that can be processed. The output of the processor is held in a buffer, whose degree of filling influences the 
scan rate. The buffer is emptied by the process of execution, whose timing is regulated by an internal clock aided by any external 
clock such as a metronome that may be present, and by auditory feedback. 
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FIGURE 12. Eye movements bysubject VK in response tothe sequence shown vertically at left, illustrating the tendency to
respond to a simple passage (the bar indicated by dashed lines) embodied ina relatively complex sequence by making larger 
saccades with longer fixations (bottom trace is tapping; horizontal line represents 1 ec). 
of the system (playing the notes in time) and the variable 
rate of output of the processor (processing different 
notes of varying complexity). To be useful its capacity 
must be enough to allow for variability in the processing 
rate of anything that the music might contain, being kept 
well stocked by reading further ahead in the music than 
the notes being played. The capacity of the buffer would 
of course determine how far ahead a musician can read 
while performing. In addition, such a buffer requires a 
regulatory mechanism to ensure that it does not become 
either empty or full. In the model, it is proposed that this 
self-regulation is performed by feedback from the degree 
of filling of the buffer to the processor, so that the 
processor works faster (but less accurately) when the 
buffer is becoming empty, and vice-versa s it fills. 
Such a mechanism can be demonstrated in a number 
of ways. As well as providing a simple explanation for 
the observation mentioned earlier that the average rate 
of eye movement along a sequence is generally higher at 
the start than it is subsequently, it also helps to explain 
some of the effects on the pattern of saccades of chang- 
ing either the input rate (by varying the complexity of the 
music) or the output rate (by varying the beat interval 
of the music). The overall effect of changing the beat 
speed on the length of saccades and their frequency 
(reciprocal of intersaccadic nterval) were illustrated in 
Figs 5 and 8. When the output rate is greater than the 
input rate, i.e. when the beat interval is short, the buffer 
will be empty. What is then observed is a high frequency 
of saccades, and increased amplitude, indicating that the 
eye is moving on in the music as fast as possible in order 
to fill up the buffer. Obviously the upper limit of 
frequency and length of saccades will depend upon the 
processing rate, and for a given musical sequence this 
can only be increased by the processor educing the 
quality of its work, adopting a less stringent criterion for 
deciding that the processing of an item is complete. It 
will then reach its decisions sooner, thus scanning the 
internal image faster, and will also scan further before 
giving up and initiating another saccade. Conversely, 
with long beat intervals the buffer will be full, and--as 
is observed--both e mean frequency and length of sac- 
cades is consequently decreased, implying that the cri- 
terion is made more stringent as the buffer begins to fill. 
Another way to examine the effect of the buffer is to 
change the complexity of the music. At a basic level we 
can introduce a short simple sequence into a line of 
music of greater average complexity and observe the 
effect. In such cases we often observe a long saccade that 
jumps across the simple sequence (Fig. 12) and is fol- 
lowed by a long fixation. This phenomenon is exactly 
what would be predicted from the model: being simple, 
the sequence can be scanned further while still meeting 
the prevailing criterion, so that the next saccade is bigger 
than usual. At the same time the buffer receives an 
increased rate of inflow, filling further and thus setting 
a higher criterion which slows down the processing of the 
next cluster of notes: thus we see a long saccade followed 
by a long fixation. Conversely, the pattern of fixations 
often seen with a complex cluster embedded in an 
otherwise simple sequence is of many short saccades with 
short fixations between them. 
The speed with which the processor deals with the 
notes presented to it is of course not just a function of 
their complexity and of the criterion level: it also de- 
pends on their perceived prior probabilities. If the music 
is already well known, or if the musician is familiar with 
its stylistic conventions, then processing will be speeded 
up. Up to a point this will be reflected in increased 
saccadic frequency and reduced amplitude; but in the 
limit, when the piece has virtually been learnt "by 
heart", we find a more-or-less complete dissociation of 
the eye movements from the written music (Fig. 6), 
presumably because the buffer is now obtaining its input 
from some other source, and the eye movements are no 
longer relevant. 
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Evidently, while such a scheme is broadly compatible 
with our prel iminary findings, others would no doubt do 
as well. What  is required is more quantitative investi- 
gation of such factors as tempo and visibility on oculo- 
motor performance while reading music, and perhaps 
also consideration of something which we entirely neg- 
lected, namely the silent reading of music either in real 
time or when scanning at speed. At all events, we hope 
that we have demonstrated the particular advantages 
that music presents as a stimulus for probing the mech- 
anisms of oculomotor scanning. 
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